We report the optimization of tunable nanosecond cascaded optical parametric oscillators (COPOs) based on monolithic tandem lithium niobate superlattices. The nonlinear crystal is designed with a uniform grating section for the optical parametric oscillation process and a linearly chirped grating section for the different frequency generation process. By employing couplers with proper reflectivities and crystals with optimized structures, such tunable COPOs can generate idler waves more efficiently than conventional optical parametric oscillators. It is concluded that higher pump pulse energy and tighter pump beam focus can further improve the pump-to-idler conversion efficiency of such tunable COPOs, particularly for those with wider idler wavelength tuning ranges.
Introduction
The optical parametric oscillator (OPO) is one of the most efficient devices generating mid-infrared (MIR) radiation for numerous applications, including environmental monitoring and medical diagnostics [1] , [2] . Among all the nonlinear crystals for OPOs, the quasi-phase-matched (QPM) periodically poled ferroelectric crystals are attractive due to their merits of large nonlinear coefficient, collinear interaction scheme and wide tuning range. Therefore, a large amount of efforts have been devoted to improving the performances of the QPM-based OPOs so far [3] - [11] . However, the pump-to-idler conversion efficiency of these conventional OPOs are intrinsically limited by the Manley-Rowe relations because the generation of any demanded idler photons in the MIR always accompanies the same amount of unwanted signal photons in the near infrared.
In order to improve the pump-to-idler conversion efficiency further, the concept of cascaded OPO (COPO) was proposed, recycling part of the undesired intra-cavity signal photons and converting them into idler output via difference frequency generation (DFG) [12] . Nevertheless, the cascaded optical parametric down conversion was realized by inserting another crystal in the cavity leading to inevitable increases in loss and dimensions. This crisis was then solved by employing one monolithic dual section periodically poled [13] or aperiodically poled ferroelectric crystal [14] - [22] instead of two crystals. However, it is hard to tune the idler wavelengths of these COPOs by changing the temperature of the nonlinear crystals. Because the temperature coefficients for the OPO and DFG processes at a fixed pump wavelength are usually different according to the temperature dependent Sellmeier equation [23] . The idler wavelengths produced from the OPO and DFG processes only coincide at a specific temperature, namely the working temperature, or the idler wavelengths produced from these two processes will separate resulting in the reduction of the pump-to-idler conversion efficiency.
Although the idler wavelength tuning of COPOs was then settled by using a dual section lithium niobate (LN) superlattice with a uniform grating section for the OPO process followed by a fan-out section for the DFG process. The wavelength tuning was realized by moving the crystal laterally incorporating fine temperature matching [24] . Thus, the translation stage is likely to make the system unsuitable for practical outdoor applications. Another possible method was proposed thereafter utilizing aperiodically poled LN crystals [25] . However, some tiny domains with widths smaller than 5 m [25] during crystal design will appear. Moreover, these domains will merge into the adjacent domains during electrical poling process. As a result, the overall Fourier coefficients for the OPO and DFG processes will decrease and the ratio of OPO coefficient to DFG coefficient will deviate from original design. Although the ratio of OPO coefficient to DFG coefficient can be corrected by introducing a parameter to adjust their relative strengths during crystal design, the reduction of the overall Fourier coefficients caused by the fabrication restriction will still make the actual efficiency enhancement lower than expected. As a compromise, the tandem structured LN super-lattice with a uniform grating section to phase match the OPO process followed by a linearly chirped grating section to phase match the succeeding DFG process combines the advantages of high efficiency, wavelength tunability and design simplicity. Although this structure has already been successfully applied to the generation of tunable up-converted visible light [26] . It has yet to be employed in tunable COPOs. In addition, detailed studies on the optimization of the coupler reflectivities, as well as the crystal structures, are also absent.
Herein, we report on the optimization of the coupler reflectivities and the crystal structures of the idler wavelength tunable COPOs. LN superlattices each with a uniform grating section for the OPO process followed by a linearly chirped grating section for the cascaded DFG process are designed and employed as the nonlinear crystals enabling efficiency enhancement and thermal wavelength tuning, simultaneously. Numerical calculations are carried out for such tunable COPOs pumped by a fiber laser working at 1064 nm with the highest average power of 25 W and repetition rate of 65 kHz. According to the numerical results, the highest pump-to-idler conversion efficiency of 32% can be obtained when the COPO is barely tunable. This value is nearly 160% higher than that of a conventional OPO working at the same condition. As the idler wavelength tuning range goes up to 80 nm without changing the pump condition, the optimal pump-to-idler conversion efficiency drops to $11%, which is comparable to that of a conventional OPO. However, by reducing the pump beam diameter, the threshold of the COPO can be significantly reduced while the slope efficiency remains leading to a great improvement in pump-to-idler conversion efficiency at the highest pump power. It is concluded that such tunable COPOs featuring high pump-to-idler conversion efficiency, certain wavelength tunability, and fabrication simplicity are of great advantage and, thus, become competitive candidates for practical MIR applications.
Model and Simulation

Schematic Arrangement
The scheme of the tunable COPO is depicted in Fig. 1 . A monolithic tandem LN superlattice with a length of 50 mm, which is a typical size fabricated from a 3-inch LN wafer, is employed as the nonlinear crystal. The LN superlattice contains multiple channels each with a uniform grating section for the OPO process followed by a linearly chirped grating section for the DFG process. The chirp values of the DFG sections for each channel are different to broaden their thermal acceptance bandwidths to different extents, i.e., getting desired thermal idler wavelength tuning ranges for different cases. A couple of plano-concave mirrors separated by a distance of 60 mm, each with a radius of curvature of 500 mm, are adopted as the input and output couplers of the cavity. Therefore, the calculated beam diameter of the oscillating primary signal wave is $400m. Both couplers are highly transmissive at the pump and idler bands to form a single pump pass, singly resonant cavity, which can fully avoid any possible damage to the pump laser caused by back reflected pump. Besides, the input coupler is highly reflective at the primary signal while the reflectivity of the output coupler at this band ðR s Þ is variable for efficiency optimization, which also makes them compatible with couplers for conventional OPOs. The reflectivities for the secondary signal of both couplers ðR s2 Þ are also variable but with the same value for convenience.
Coupled Wave Equations
Apparently, there are four major interacting waves in the COPO cavity during operation, namely the pump, the primary signal, the secondary signal and the idler. After passing through the input coupler and entering the crystal, the pump starts to produce the primary signal and the idler along the OPO section. Then, the generated primary signal and the idler begin to produce the secondary signal while the idler is also amplified in the succeeding DFG section. After reflected by the output coupler, all residual waves propagate backwards, re-enter and leave the LN crystal in the opposite direction until reaching the input coupler. Usually, this cycle will iterate many times depending on the pump pulse duration and the cavity round-trip time of the oscillating primary signal. Therefore, the two nonlinear interacting processes can be addressed by the coupled wave equations as follows:
where [27] . c is the speed of light in vacuum. A j , j , n j and ! j represent the amplitude, attenuation coefficient, reflective index and angular frequency, of wave j, respectively. The subscripts p, s, i, and s2 represent the pump, the primary signal, the idler, and the secondary signal, respectively.
Normally, the conversion efficiencies of both tunable COPOs and conventional OPOs will vary slightly when their idler wavelengths are continuously tuned by changing the crystal temperature. The idler-wavelength-related efficiency change is attributed to two major factors. Firstly, the coupling coefficients rise slightly as the idler wavelength decreases. Besides, i drops with the down-shift of the idler wavelength, which is due to the higher absorption of the LN crystal at longer idler wavelength. As a result, the pump-to-idler conversion efficiencies for both COPOs and conversional OPOs will rise as the idler wavelength decreases. In order to make better comparisons between the conventional OPO and COPOs with different idler wavelength tuning ranges, the starting points of the thermal idler wavelength tuning bands of both OPOs are all set to be 3.83 m at room temperature. In addition, the comparisons are carried out at these starting points for simplicity. In other words, the comparisons are performed at the lowest pump-to-idler conversion efficiency for each case on account of the highest attenuation coefficient and lowest coupling coefficients within the tuning bands. According to our measured data, the attenuation coefficient at 3.83 m is $ 3 m À1 while the values for the other three bands are negligible. The calculated d OPO and d DFG for this comparing point are 18.05 and 17.18 pm/V, respectively. Moreover, unwanted harmonic waves are often generated during OPO operation, however, their conversion efficiencies are quite limited owing to the phase mismatches of these parasitic nonlinear processes. Hence, given the pump conditions, coupler reflectivities and crystal structures, the performances of COPOs can be calculated by numerically solving the coupled wave equations ( (1)- (3) for OPO and (4)-(6) for DFG, respectively) without considering the parasitic nonlinear processes.
Thanks to the simple operating mechanism of a nanosecond COPO that the pump pulse is much longer than the cavity round-trip time of the oscillating primary signal and the parametric conversion is realized independently within each pump pulse, the pump-to-idler conversion efficiency can be obtained by calculating the coupled wave equations for a single pump pulse. The pump pulses are assumed to have Gaussian pulse shape with fundamental transverse mode and all the interacting waves are assumed to be monochromatic during calculation. Following the method proposed by Drag et al. [28] , the interacting fields are divided temporally and spatially before calculation. Each pump pulse is divided into equal intervals corresponding to half of the cavity round-trip time of the oscillating primary signal. Hence, the oscillation of the primary signal is realized in every other time intervals from quantum noise. Using the circular symmetry assumption, the waves are discretized along radial direction in their transverse plane with 128 equally spaced steps. Clearly, each radial segment is of different amplitudes determined by the mode distribution and therefore will result in different conversion efficiencies. Thus the final result is obtained by integrating all these discrete results within the cross section. The calculation is performed employing the well-known split-step method by which the diffraction and propagation terms are computed independently within each step. In order to reduce the time consumption, the step size of the propagation is adaptive and a parallel computing algorithm is utilized in which all the radial segments are calculated simultaneously for each propagation step.
Results and Discussion
Optimization of the Coupler Reflectivities
In order to optimize the coupler reflectivities of such COPOs, the pump-to-idler conversion efficiencies as functions of R s and L OPO to L Crystal ratios (define as ¼ L OPO =L Crystal , where L OPO and L Crystal are the lengths of the OPO section and the total crystal, respectively) for R s2 values of 0, 0.3, 0.6, 0.9, and 0.99 are calculated and depicted in Fig. 2(a) -(e), respectively. Fig. 2(f) summarizes the optimal pump-to-idler conversion efficiencies and related values with respect to the R s2 values. In order to verify the impacts of the reflectivities exclusively, all other parameters except for the value are fixed in the preliminary simulation. The idler wavelength is 3.83 m with calculated primary and secondary signal wavelengths at 1.47 m and 2.39 m, respectively. The related poling periodicities are 29.5 m and 33.59 m for the OPO and DFG sections, respectively. The wavelength, average power, repetition rate and pulse duration of the pump laser are 1064 nm, 25 W, 65 kHz, and 120 ns, respectively. These parameters are selected from a typical Q-switched, master-oscillator power-amplifier structured fiber laser.
It can been seen from Fig. 2 that both R s and R s2 have impacts on the pump-to-idler conversion efficiency of such COPOs though with different trends. Higher R s is favorable to higher pump-to-idler conversion efficiency while the efficiency shows a declining trend as R s2 increases. It is clear that the OPO process takes place prior to the DFG process and dominates the threshold of the COPO. Higher R s value can shorten the build-up time and thus reduce the threshold. Thanks to the DFG process, the idler can be further amplified by the primary signal after build-up. In return, the primary signal is depleted and its intensity is clamped to a certain level, which relieves the back-conversion in the OPO process. On the contrary, the large R s2 value will trigger the back conversion in the DFG process. Consequently, the intensity of the intra-cavity primary signal cannot be efficiently depleted and even the OPO process gets less efficient because of its high intensity. Despite the optimization on value, the pump-to-idler conversion efficiency still drops as R s2 increases.
Optimization of the Pump and Crystal Structure
Based on the results of the preliminary simulations, R s and R s2 are selected to be 0.99 and 0.1, respectively. Although these values are not the most suitable, they are still among the optimal parameters considering the coating difficulties covering four wavelength bands. As the coupler reflectivities are determined, the optimization of the pump-to-idler conversion efficiency becomes the interplay between the pump condition and the crystal design. Fig. 3 pump-to-idler conversion efficiencies and related values with respect to the idler wavelength tuning ranges.
The highest pump-to-idler conversion efficiency stands at 32% with value of 0.57 under the highest pump energy when COPO is barely tunable. Then these values decrease gradually to 11% and 0.3, respectively, when the idler wavelength tuning range is enlarged to 80 nm under the same pump energy. Apparently, crystals with wider idler wavelength tuning range need larger chirp value in the DFG section, which leads to the reduction of the effective interacting length in this section. As a result, the value should be reduced to balance the actual interacting lengths of the two sections for the highest pump-to-idler conversion efficiency. In other words, the effective interacting lengths of the two nonlinear processes have to be reduced simultaneously so as to make up for the increase of idler wavelength tuning range. Therefore, the threshold rises while the slope efficiency drops resulting in the decrease of pump-to-idler conversion efficiency at the highest pump energy. It is also noticeable that the pump pulse duration plays a minor role in idler generation. For pump pulses longer than 40 ns, the optimal pump-to-idler conversion efficiency remains almost unchanged for each idler wavelength tuning range. However, when the pump pulse duration decreases from 40 ns, the conversion efficiency drops dramatically in each case. We attribute this to the indispensable build-up time of a COPO for each pump pulse. COPOs become less efficient as the pump pulse duration is only a bit longer than the build-up time and stop oscillating if keep reducing the pump pulse duration. Fig. 3 for the highest pump-to-idler conversion efficiency, while those of the conventional OPO are chosen according to the optimal conditions in [7] .
The results show that the conventional OPO exceeds its COPO counterparts in idler output power when the pump power is less than 15 W. It is then overtaken successively by COPOs with increasing idler wavelength tuning ranges when the pump power rises. Finally, only the COPO with 80 nm idler wavelength tuning range fails to exceed the conventional OPO in idler output power at the highest available pump power with the same pump beam diameter. Undoubtedly, COPOs with narrower tuning range possess both higher slope efficiency and lower threshold because the overall effective interacting lengths for both processes are longer. When the tuning range increases, larger chirp value should be adopted to broaden the thermal tuning bandwidth of the DFG section. As a consequence, the effective interacting lengths for both processes are inevitably reduced, which leads to lower slope efficiency and higher threshold. It is worth mentioning that if the pump beam diameter is reduced by half, the threshold of a COPO with 80 nm idler wavelength tuning range is significantly reduced while the slope efficiency remains almost unchanged. It is believed that higher pump amplitude is favorable to reducing the threshold of a COPO and the back-conversion is always relieved by the DFG process leading to very limited roll-off in slope efficiency. As a result, this COPO exceeds the conventional OPO in idler power when the pump power is higher than 15 W. Different from COPOs, a conventional OPO should reduce its coupler reflectivity for signal wave to relieve the back-conversion if its pump beam shrinks. Hence, the conversion efficiency can hardly be improved by changing the pump beam diameter. In addition, since the pump-to-idler conversion efficiency barely depends on the pump pulse duration when the pump pulse width exceeds 40 ns, as is predicted in Fig. 3 . The pump power density can be controlled well below the damage threshold of the LN crystals by simply increasing the pump pulse duration to reduce the peak power. It is also evident in Fig. 4 that COPOs exceed the conventional OPO in slope efficiency when their idler wavelength tuning ranges are less than 80 nm. If the pump energy keeps increasing, it can be deduced from the tendencies that the idler power of the COPO with 80 nm tuning range will overtake that of the conventional OPO even without changing the pump beam diameter. Therefore, it is concluded that both tight pump focus and high pump energy are advantageous to higher pump-to-idler conversion efficiency of a COPO, especially when the idler wavelength tuning range is large.
Conclusion
In summary, we have reported the optimization of idler wavelength tunable COPOs based on monolithic tandem LN superlattices each with a uniform grating section for the OPO process followed by a linearly chirped grating section for the cascaded DFG process. By numerically solving the coupled wave equations, the optimal coupler reflectivities for such COPOs are obtained in the first place. The pump-to-idler conversion efficiencies with various crystal designs under different pump pulse durations are calculated thereafter to get the optimal crystal structures and working conditions for each idler wavelength tuning range. It is concluded that L OPO to L Crystal ratio plays a crucial role to higher efficiency while the pump pulse duration only plays a minor role as long as the pulse width is much longer than the build-up time. Furthermore, higher energy and tighter focus of the pump are also beneficial to higher pump-to-idler conversion efficiency, especially for COPOs with wide idler wavelength tuning range. We believe that the proposed tunable COPOs combines the merits of high pump-to-idler conversion efficiency, certain thermal wavelength tuning range and design simplicity, which should be beneficial to many practical applications.
